Purpose: The purpose of this study was to evaluate the image quality and sensitivity of ultralow radiation dose single-energy computed tomography (CT) with tin filtration for spectral shaping and iterative reconstructions for the detection of pulmonary nodules in a phantom setting. Methods: Single-energy CT was performed using third-generation dual-source CT (SOMATOM Force; 2 Â 192 slices) at 70 kVp, 100 kVp with tin filtration (100Sn kVp), and 150Sn kV with tube current-time product adjustments resulting in standard dose (CT volume dose index, 3.1 mGy/effective dose, 1.3 mSv at a scan length of 30 cm), 1/10th dose level (0.3 mGy/0.13 mSv), and 1/20th dose level (0.15 mGy/0.06 mSv). An anthropomorphic chest phantom simulating an intermediate-sized adult with randomly distributed solid pulmonary nodules of various sizes (2Y10 mm; attenuation, 75 HU at 120 kVp) was used. Images were reconstructed with advanced model-based iterative reconstruction (ADMIRE; strength levels 3 and 5) and were compared with those acquired with second-generation dual-source CT at 120 kVp (reconstructed with filtered back projection) and sinogram-affirmed iterative reconstruction (strength level 3) at the lowest possible dose at 120 kVp (CT volume dose index, 0.28 mGy). One blinded reader measured image noise, and 2 blinded, independent readers determined overall image quality on a 5-grade scale (1 = nondiagnostic to 5 = excellent) and marked nodule localization with confidence rates on a 5-grade scale (1 = unsure to 5 = high confidence). The constructional drawing of the phantom served as reference standard for calculation of sensitivity. Two patients were included, for proof of concept, who were scanned with the 100Sn kVp protocol at the 1/10th and 1/20th dose level. Results: Image noise was highest in the images acquired with secondgeneration dual-source CT and reconstructed with filtered back projection. At both the 1/10th and 1/20th dose levels, image noise at a tube voltage of 100Sn kVp was significantly lower than in the 70 kVp and 150Sn kV data sets (ADMIRE 3, P G 0.01; ADMIRE 5, P G 0.05). Sensitivity of nodule detection was lowest in images acquired with second-generation dual-source CT at 120 kVp and the lowest possible dose. Protocols at 100Sn kVp and ADMIRE 5 showed highest sensitivity at the 1/10th and 1/20th dose levels. Highest numbers of false-positives occurred in second-generation dual-source CT images (range, 12Y15), whereas lowest numbers occurred in the 1/10th and 1/20th dose data sets acquired with third-generation dual-source CT at 100Sn kVp and reconstructed with ADMIRE strength levels 3 and 5 (total of 1 and 0 false-positives, respectively). Diagnostic confidence at 100Sn kVp was significantly higher than at 70 kVp or 150Sn kV (ADMIRE 3, P G 0.05; ADMIRE 5, P G 0.01) at both the 1/10th and 1/20th dose levels. Images of the 2 patients scanned with 100Sn kVp at the 1/10th and 1/20th dose levels were of diagnostic quality. Conclusions: Our study suggests that chest CT for the detection of pulmonary nodules can be performed with third-generation dual-source CT producing high image quality, sensitivity, and diagnostic confidence at a very low effective radiation dose of 0.06 mSv when using a single-energy protocol at 100 kVp with spectral shaping and when using advanced iterative reconstruction techniques.
O ngoing debates about the assumed radiation-associated risk of cancer development from ionizing radiation has urged the radiologic community to lower the dose of each computed tomography (CT) study to a level that is ''as low as reasonably achievable'' (the so-called ALARA principle). This holds particularly true for the cumulative dose associated with repetitive CT studies or for screening purposes. Various strategies exist for lowering the radiation dose of CT. These include lowering of the tube voltage and/or tube current, automated exposure control, selective in-plane shielding, and iterative reconstructions (IRs).
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Regarding chest imaging, a recent multicenter trial (National Lung Screening Trial) on lung cancer screening showed a reduced mortality from lung cancer when using a protocol with a radiation dose of 1.5 mSv. 14 In this trial, patients underwent 3 screening studies with CT at 1-year intervals, indicating a considerable cumulative radiation dose when assuming a lung cancer screening program with CT in the general population.
Recently, a third-generation dual-source CT was introduced. In contrast to second-generation dual-source CT, this machine can be optionally operated with 2 selective photon shields (Dual Selective Photon Shield II; Siemens Healthcare, Forchheim, Germany), represented by a tin filter (TF) mounted in front of both x-ray tubes, to allow also for single-energy scanning with TF. In dual-energy CT, the TF has proven to increase the mean photon energy of the 140-kVp spectrum, thereby on the one hand improving the separation of the 2 energy spectra and thus allowing for an improved dual-energy postprocessing. On the other hand, it was shown that spectral shaping of the high-kVp beam leads to a more efficient x-ray beam, allowing for a reduction in radiation dose. 15 In addition, the third-generation dual-source CT includes a new generation of IR, that is, advanced model-based IR (ADMIRE), which combines in an iterative approach the statistical data modeling ORIGINAL ARTICLE Investigative Radiology & Volume 00, Number 00, Month 2014 www.investigativeradiology.com 1 in the raw data domain and a model-based noise detection in the image domain.
The purpose of this study was to evaluate the image quality, sensitivity, and diagnostic confidence of ultralow radiation dose singleenergy CT with spectral shaping and reconstructions using ADMIRE for the detection of pulmonary nodules in a phantom model.
MATERIALS AND METHODS

Phantom
We designed a chest phantom that was custom-made by a specialized manufacturer (Quality Assurance in Radiology and Medicine, Moehrendorf, Germany). The anthropomorphic chest phantom (serial number B13065; Quality Assurance in Radiology and Medicine) of adult size (lateral diameter, 35 cm; anteroposterior diameter, 25 cm; extension ring of 2.5 cm thickness) contains 18 solid pulmonary nodules of various sizes (2Y10 mm; attenuation, 75 HU at 120 kVp). Each of these nodules is surrounded by cork granulate material with an air equivalent CT number (j800 HU at 120 kVp) simulating lung parenchyma. The chest phantom consists of materials made from resin and additives, specifically including calcium carbonate, magnesium oxide, hydroxyapatite, and microspheres representing solid, noncalcified pulmonary nodules, soft tissue, lung, and bone equivalent structures, respectively, to simulate tissue-equivalent material for all investigated x-ray spectra.
CT Scan Protocol
All data, except of those at a tube voltage of 120 kVp (see below), were acquired on a third-generation dual-source CT machine (SOMATOM Force; Siemens Healthcare) equipped with an integrated high-resolution circuit detector (Stellar Technology; Siemens). 16 The phantom was scanned with a collimation of 96 Â 0.6 mm and a slice acquisition of 192 Â 0.6 mm by means of a z-flying focal spot, gantry rotation time of 0.25 seconds, and pitch of 1.2. Singleenergy data sets were acquired at tube voltages of 70 kVp and 100 and 150 kVp, whereas TF was used at 100 and 150Sn kV. As demonstrated in Figure 1 , the TF leads to a substantial hardening of the spectra and, thus, to more narrow spectra with less quanta at low energies. Reference tube current-time products were adjusted to obtain 3 defined radiation dose levels (CT volume dose index [CTDI vol Images at the standard dose level of 3.1 mGy could not be obtained at the tube voltage level of 100 kVp with TF because with spectral shaping, the tube power was not sufficiently high for allowing the necessary increase in tube current. Scans included the entire phantom with a constant scan length in the z-axis of 30 cm, hereby simulating the craniocaudal distance of an adult lung. Scan duration was 3 seconds.
The single-energy data set acquired at 120 kVp was obtained on a second-generation dual-source CT machine (SOMATOM Definition Flash; Siemens Healthcare) equipped with the same detector. 16 Protocol parameters were as follows: collimation, 64 Â 0.6 mm; slice acquisition, 128 Â 0.6 mm by means of a z-flying focal spot; and gantry rotation time, 0.28 seconds. At 120 kVp, the lowest possible quality reference tube current-time product of 4 mAs was used, resulting in a CTDI vol of 0.28 mGy.
Data Reconstruction
All CT images, except the data set acquired with secondgeneration dual-source CT, were reconstructed with ADMIRE at strength levels of 3 and 5 and using a slice thickness of 2 mm, an increment of 1.6 mm, and a sharp tissue convolution kernel (Br64). The reconstructed field of view (FoV) was 350 mm and the image matrix was 512 Â 512 pixels.
The images acquired with second-generation dual-source CT at 120 kVp were reconstructed with filtered back projection (FBP) and sinogram-affirmed IR (SAFIRE) 13 at a strength level of 3 using a slice thickness of 2 mm, an increment of 1.6 mm, and a sharp tissue convolution kernel (B70f for FBP and I70f for SAFIRE). The reconstructed FoV was 350 mm and the image matrix was 512 Â 512 pixels.
Subsequent analyses were performed using a picture archiving and communication system workstation on a high-definition liquid crystal display monitor (BARCO; Medical Imaging Systems, Kortrijk, Belgium) using Impax (Version 6.4.0.4551; Agfa-Gevaert, Mortsel, Belgium).
Advanced IR
Iterative reconstruction comprises statistical weighting (statistical modeling in raw data domain) followed by back projection, application of statistical model in image domain (regularization), and forward projection using an adequate system model. The resulting pseudo raw data are compared with the measurement data, that is, subtracted, and reinserted into the loop afterward (Fig. 2) 13 ,18 the analysis incorporates not only nearest-neighbor data but also a larger neighborhood on an anatomically reasonable length scale. Parameters of the model are set depending on the selected reconstruction algorithms (kernels) that are assigned to clinical applications.
The edge properties of ADMIRE are reflected by the modulation transfer function determined by measurements of the edge spread function. 19 This is done by differentiation of the edge profile function measured in the image and subsequent Fourier transformation, resulting in the final modulation transfer function. The edge function for conventional weighted FBP and for ADMIRE at strength levels from 1 to 5 are shown in Figure 3 .
Radiation Dose
The radiation dose parameters CTDI vol and dose-length product (DLP) were taken from the electronically logged protocol from each CT study. The effective radiation dose of chest CT was calculated by multiplying the DLP with a conversion coefficient k of 0.014 mSv/ mGy cm. 20 
CT Data Analysis
Image Quality
The reconstructed transverse images were presented to 2 independent and blinded readers (each with 3 years of experience in chest CT) in a random distribution. Readers were allowed to modify the window width and level after the initial presentation with a lung tissue window preset (window level, j600 HU; width, 1200 HU). Overall image quality was rated on a modified 5-point Likert scale previously shown 10 : 1, nondiagnostic image quality, strong artifacts, insufficient for diagnostic purposes score; 2, severe blurring with uncertainty about the evaluation; 3, moderate blurring with restricted assessment; 4, slight blurring with unrestricted diagnostic image evaluation possible; and 5, excellent image quality, no artifacts. An image quality with scores of 3 to 5 was considered diagnostic.
Image Noise
One other blinded reader (with 4 years of experience in CT chest imaging) not involved in subjective image quality grading measured image noise by placing a region of interest (ROI) in the center of the phantom (simulating the mediastinum) in a homogenous area representing the central scan-FoV. The ROI size was fixed at 430 mm 2 . Mean image noise was defined as the average of the standard deviation of the attenuation in 5 consecutive ROI measurements at different slice positions.
Detection of Pulmonary Nodules
The 2 blinded and independent readers who analyzed the overall image quality also evaluated the number of pulmonary nodules and the diagnostic confidence for each nodule on a modified 5-point Likert scale as previously shown 21 : 1, unsure if true finding; 2, low diagnostic confidence with marginally delineated nodule; 3, intermediate diagnostic confidence with moderately delineated module; 4, high diagnostic confidence with slightly blurred edges of the nodule; and 5, high diagnostic confidence with no blurring of nodule edges.
A total of 18 data sets were reviewed in 2 separate reading sessions separated by 2 weeks and in a random order. Within each data set, the images were presented to the readers in varied order to avoid recall bias on the location of the nodules.
Patients
Two consecutive patients (51-year-old man and 42-year-old woman, respectively), who were referred to our department for nonenhanced chest CT and who were scanned with third-generation dual-source CT using a protocol with 100 kVp and spectral shaping at 1/10th and 1/20th doses, were included in this study for demonstrating the feasibility of the protocol in vivo. The quality reference tube current-time product was set at 96 mAs (114 eff. mAs using CareDose4D; Siemens) for the 1/10th dose and at 45 mAs (41 eff. mAs) for the 1/20th dose protocol. 
Statistical Analysis
Continuous variables were expressed as mean T SD, and categorical variables were expressed as frequencies or percentages. To determine the interobserver agreement for image quality and diagnostic confidence, the intraclass correlation coefficient (ICC) was calculated for each pair of variables. According to Landis and Koch, ICC values of 0.61 to 0.80 were interpreted as substantial, and 0.81 to 1.00, as excellent agreement. 22 The Friedman analysis of variance was used to test for significant differences in image noise among the different tube voltage levels. Univariate analysis was performed with the Wilcoxon rank test for evaluating for significant pairwise differences in image noise and diagnostic confidence among the reconstruction algorithms. The Kendall test was used to compare the diagnostic confidence for pulmonary nodule detection between the various tube voltages (ie, 70 kVp, 100Sn kVp, and 150Sn kV). Multivariate analysis was performed with a general linear model for assessing independent predictors (ie, dose, tube voltage, and reconstruction algorithm) of sensitivity and image noise.
Sensitivity was calculated comparing the readers' marks on the evaluation sheets with the localization of the pulmonary nodules using the constructional drawing of the phantom. Sensitivity was determined along with 95% confidence intervals. In an intent-todiagnose approach, all data sets were included into the analysis of sensitivity, even if the image quality was considered nondiagnostic. Image quality was rated on a 5-point scale (1 = bad, to 5 = excellent). Ranges are displayed in parentheses. CT indicates computed tomography; SD, standard radiation dose; FBP, filtered back projection; SAFIRE, sinogram-affirmed iterative reconstruction; ADMIRE, advanced model-based iterative reconstruction. All statistical analyses were conducted using commercially available software (SPSS, release 21.0; SPSS, Chicago, IL, USA). A 2-tailed P value G 0.05 was considered to indicate statistical significance.
RESULTS
Computed tomography and data reconstructions with FBP, SAFIRE 3, and ADMIRE 3 and 5 were feasible without problems, giving rise to a total of 18 phantom and 4 patient data sets for analysis. Time for reconstruction of an image data set was similar for ADMIRE 3 and ADMIRE 5 (15.8 T 0.2 seconds).
Estimated Radiation Doses
Radiation dose parameters of the different protocols are summarized in Table 1 . The effective radiation dose of the standard dose protocol was 1.30 mSv, the effective radiation dose at 1/10th of the standard dose was 0.13 mSv, and the effective radiation dose at 1/20th of the standard dose was 0.06 mSv.
Image Quality
There was a good interobserver agreement for ratings of overall image quality with ADMIRE strength level 3 (ICC = 0.74) and ADMIRE strength level 5 (ICC = 0.72).
Overall image quality was rated by readers to be worst for the protocol acquired with second-generation dual-source CT at a tube voltage of 120 kVp and lowest possible mAs and with images reconstructed with FBP and SAFIRE 3 ( Table 2 ). Image quality of all standard dose protocols regardless of tube voltage and reconstruction algorithm was rated highest by both readers. Within the 1/10th and 1/20th radiation dose levels, image quality was highest for the 100Sn kVp data sets as compared with 70 kVp and 150Sn kVat similar dose levels ( Table 2) . 
Image Noise
Noise was highest in the images from second-generation dualsource CT at 120 kVp and lowest possible mAs and reconstructed with FBP (Table 2 ).
At the standard dose level, images at a tube voltage of 150 kVp Sn were associated with lower noise when compared with 70 kVp with both ADMIRE 3 and 5 ( Table 2 ). In distinction, at the 1/10th and 1/20th dose levels, the data set acquired with 100Sn kVp showed the lowest noise level for both ADMIRE 3 (P G 0.01) and ADMIRE 5 (P G 0.05) (Fig. 4) .
Accuracy of Lung Nodule Detection
The sensitivity for the detection of pulmonary nodules is summarized in Table 3 . Sensitivity of pulmonary nodule detection was lowest in the images acquired with the second-generation dualsource CT at 120 kVp and lowest possible dose with both FBP and SAFIRE. In general, protocols at the 1/10th and 1/20th of standard dose had a similar or lower sensitivity as compared with standard dose protocols. Images at a tube voltage of 100Sn kVp (both AD-MIRE 3 and 5) showed the highest sensitivity for pulmonary nodule detection at the 1/10th and 1/20th of standard dose levels ( Table 3) .
The highest numbers of false-positive (FP) ratings of pulmonary nodules occurred in image data acquired with second-generation dual-source CT and reconstructed with FBP and SAFIRE, ranging from 12 to 15. Lowest numbers of FP ratings were found in the 1/10th and 1/20th dose data sets acquired with third-generation dual-source CT at 100Sn kVp and reconstructed with ADMIRE strength levels 3 and 5 (total of 1 and 0 FP, respectively) ( Table 3) .
Diagnostic Confidence of Lung Nodule Detection
The interobserver agreement for diagnostic confidence ranged from substantial for the 120 kVp dose data set reconstructed with FBP (ICC = 0.68) to excellent for 70 kVp at standard dose reconstructed with ADMIRE 5 (ICC = 0.98).
The diagnostic confidence of pulmonary nodule detection was lowest in images acquired with second-generation dual-source CT at 120 kVp and lowest mAs and reconstructed with both FBP and SAFIRE (Fig. 5) . For both the 1/10th and 1/20th doses, the confidence of nodule detection was significantly higher in images acquired at a tube voltage of 100Sn kVp as compared with 70 kVp and 150Sn kV for both ADMIRE 3 (P G 0.05) and ADMIRE 5 (P G 0.01). Compared with ADMIRE 3, ADMIRE 5 further improved the diagnostic confidence of nodule detection for all tube voltages, with this result being significant only at the tube voltage level of 150Sn kV (P G 0.05) at the 1/20th standard dose. In the standard dose level, diagnostic confidence was also higher with ADMIRE 5 as compared with 3; however, this did not reach statistical significance (P 9 0.05). Representative image examples of the various protocols at the 1/20th dose level are provided in Figure 6 .
Results from multivariate analysis indicated that radiation dose and reconstruction algorithm were significant (both P G 0.001) predictors of image noise, whereas the tube voltage setting was not (P 9 0.05). Regarding the sensitivity, radiation dose represented a significant (P G 0.05) independent predictor (Table 4) .
Patients
Representative image examples from the 2 patients scanned at the 1/10th and 1/20th dose, respectively, are provided in Figure 7 . The images for patient 1 (lateral diameter at the level of the aortic root, 35 cm; anteroposterior diameter, 23 cm), scanned at the 1/10th standard dose (CTDI vol , 0.30 mGy; DLP, 9 mGy cm; effective dose, 0.13 mSv), were assessed to be of diagnostic quality for image data sets reconstructed both with ADMIRE 3 (noise, 188 HU) and ADMIRE 5 (noise, 97 HU). Similarly, the images for patient 2 (lateral diameter, 29 cm; anteroposterior diameter, 20 cm), scanned at the 1/20th standard dose (CTDI vol , 0.14 mGy; DLP, 5 mGy cm; effective dose, 0.07 mSv), were of diagnostic quality for image data sets reconstructed with both ADMIRE 3 (noise, 176 HU) and ADMIRE 5 (noise, 87 HU).
DISCUSSION
This study sought to determine the value of single-energy imaging with spectral shaping for very low radiation dose CT of the chest using third-generation dual-source CT. For this purpose, we scanned a chest phantom containing solid nodules of various sizes at a random distribution starting with a low standard dose level of 1.3 mSv and then reducing doses further to 1/10th and 1/20th of the standard value, eventually resulting in an effective dose of 0.06 mSv. By doing so, our results indicate that image quality is maintained at this ultralow radiation dose, and the sensitivity and diagnostic confidence of pulmonary nodule detection are high when using a singleenergy protocol at 100 kVp with tin filtration and when reconstructing images with ADMIRE. These ex vivo results were confirmed in 2 patients who were included in this study to demonstrate the feasibility of the protocol in vivo.
Optimizing the tube voltage to reduce patient dose while maintaining image quality represents a well-known technique and is established particularly for contrast-enhanced CT. Depending on the patient size, the dose efficiency typically improves when lowering the tube voltage. This is explained by the fact that the attenuation of iodine-based contrast agents increases at lower energy levels because the photoelectric effect is inversely proportional to the cube of the photon energy and proportional to the cube of the atomic number.
For noncontrast CT, this approach of decreasing the tube voltage is considered not beneficial. However, there is an optimal energy level for acquiring the data that allows for a reduction in the radiation dose to the patient. This principle is also known from dualenergy imaging, where it is used in 2 ways: an improved separation of the 2 energy spectra and dose-neutral scanning. 15 In this study, this approach was applied also for single-energy CT. By adding the TF, the shape of the energy spectra used for the acquisition is substantially narrowed, and less dose-efficient quanta are removed from the spectrum. This optimization approach finally allows for dose reduction. Both the 100 and 150Sn kV data sets had a lower noise than did the conventional spectral scan mode without TF at standard and 1/10th dose levels. The better dose performance of the 100Sn kVp compared with the 150Sn kV observed in the chest at the 1/10th and 1/20th dose levels can be explained by the comparatively small attenuation of the thorax due to the low attenuation of lung tissue. In areas of higher attenuation such as the abdomen pelvis, higher kVp values might be necessary, which will be the topic of future studies.
Based on our results, it seems that use of 70 kVp is of limited value for nonenhanced chest CT because noise, confidence, sensitivity, and the number of FP ratings of pulmonary nodules were higher as compared with those in the 100Sn kVp protocol. This could be explained by the fact that lung attenuation, although being lower than that of other body regions, is not low enough to allow sufficient penetration of low-energy photons through the lung tissue from a 70-kVp spectrum.
Several previous studies showed that the use of IR for chest CT allows for dose reduction without compromising diagnostic information.
9,10,23Y28 Yamada et al 25 reported that, compared with FBP, modelbased IR (GE Healthcare) enables significant reduction in image noise and artifacts and allows for a better detection of noncalcified pulmonary nodules on CT at 0.17 mSv using a tube voltage of 120 kVp and a tube current-time product of 4 mAs. Similar results with model-based IR and low-dose CT at 0.16 mSv were shown by Neroladaki et al 27 using a protocol with 100 kVp and 10 mA. Recently, Botelho et al 28 reported a high confidence for evaluating 5-mm ground-glass nodules in low-dose chest CT at 0.41 to 0.24 mSv at a tube voltage of 100/120 kVp and a tube current-time product of 10 mAs and also for evaluating 12-mm ground-glass opacities at 0.24 to 0.11 mSv when using a protocol with 100/80 kVp and 10 mAs. Although these previous studies using different IR techniques and various tube voltage-tube current combinations gave rise to low-dose chest CT protocols at effective doses close to 0.1 mSv, 25Y28 to the best of our knowledge, our study is the first showing the feasibility of lung CT at effective dose values as low as 0.06 mSv both ex vivo and in humans. When using a protocol with 100 kVp and spectral shaping by TF and reconstructing data with advanced IR, image quality was high and the sensitivity for detecting solid pulmonary nodules was excellent even at these ultralow dose levels.
In general, low radiation dose levels similar to those from conventional chest x-ray 29 are desired when it is intended to replace x-ray by CT for screening purposes. Regarding dose, the levels tested in this study for CT (0.06 mSv) are similar to those from a conventional chest x-ray study, which are reported to be in the range of 0.02 mSv for a posteroanterior study to 0.1 mSv for a posteroanterior and lateral study of the chest. 30 It is important to note that the images at this ultralow radiation dose level could not be obtained with secondgeneration dual-source CT at 120 kVp without spectral shaping, and images obtained at a higher radiation dose as compared with those from third-generation dual-source CT were considered of too low quality. In particular, the high image noise resulted in a high number of FP findings of pulmonary nodules, rendering the quality of images not sufficient.
Iterative reconstruction techniques have been introduced to the CT image reconstruction domain with the goal of reducing image noise in CT data acquired at lower radiation doses. First-generation IR techniques, such as IR in image space (Siemens), processed images in the image domain. 31 Pontana et al 9 reported improved conspicuity of ground-glass opacities, ill-defined micronodules, and emphysematous lesions with IR in image space (at settings 3 and 5) at 35% lower radiation doses compared with FBP. Being a second-generation IR technique, SAFIRE takes information from the raw data and processes data in the image domain. 32Y34 Baumueller et al 13 showed that use of SAFIRE in low-dose lung CT reduces noise, improves image quality, and renders more studies diagnostic as compared with images reconstructed with FBP. Kalra et al 34 showed that use of SAFIRE allows for a reduction in radiation dose by approximately 65% without losing diagnostic information in lung CT. Our study was performed with a third-generation dual-source CT machine that includes a new generation of IR technique, that is, ADMIRE. This technique combines in an iterative approach statistical data modeling in the raw data domain and model-based noise detection in the image domain.
In our research, we showed that, at the same 1/20th dose level, use of ADMIRE 3 and 5 resulted in a mean of 27% and 63% reduction in image noise, respectively, compared with FBP. When compared with SAFIRE 3, ADMIRE 5 showed an image noise reduction of 50% at all 3 dose levels. Use of ADMIRE 5 also resulted in an improved subjective image quality at both the 1/10th and 1/20th dose levels as well as in a higher diagnostic confidence compared with ADMIRE 3.
Our study had some limitations. First, we have to acknowledge the inherent limitations of a phantom study. This holds particularly true for the homogenous background of the simulated lung parenchyma of our phantom. However, repetitive scanning with various CT protocols precludes application in humans for ethical reasons. Moreover, sensitivity studies on pulmonary nodule detection are limited in vivo because, usually, no gold standard is available. In addition, the feasibility of chest CT at this ultralow radiation dose level was demonstrated 35 Fourth, we did not test the intraobserver variability of readers for detecting pulmonary nodules. Finally, we used an anthropomorphic phantom of average adult size, and the optimal CT protocol and reconstruction settings in overweight and obese patients were not tested.
In conclusion, our study suggests that radiation dose levels of nonenhanced chest CT for the detection of pulmonary nodules can be lowered down to a level of 0.06 mSv when using single-energy scanning at 100 kVp with spectral shaping and when using advanced IR techniques while image quality remains diagnostic and sensitivity remains high. Future studies are needed to assess the value of this protocol in a large patient population.
